Indoor air quality (IAQ) and odors were determined using sampling/monitoring, measurement, and modeling methods in a large dewatering building at a very large water reclamation plant. The ultimate goal was to determine control strategies to reduce the sensory impacts on the workforce and achieve odor reduction within the building. Study approaches included: (1) investigation of air mixing by using CO 2 as an indicator, (2) measurement of airflow capacity of ventilation fans,
INTRODUCTION
Stickney Water Reclamation Plant (WRP) is a large wastewater treatment facility with a design capacity of 4.6 million m 3 /day serving Chicago and suburban communities. The liquid treatment portion of the plant includes primary treatment in settling tanks and Imhoff tanks, and biological treatment in a conventional, nitrifying activated sludge process. The primary sludge (PS), waste activated sludge (WAS), and Imhoff sludge (IS) are further concentrated and then treated in mesophilic anaerobic sludge digesters. In addition, the sludge digesters are also fed with pre-thickened combined (PS þ WAS) sludge from the 1.5 million m 3 /day design capacity North Side WRP located about 20 km away (pumped through a pipeline). In essence, the sludge treatment plant has an equivalent of over 6 million m 3 /day wastewater flow design capacity. In terms of solids, the plant treats approximately 400-500 dry tons of sludge solids (dry) per day. The anaerobic digesters are operated at about 20-day sludge retention time (SRT) and the digested sludge is dewatered from about 2 to 3% total solids (TS) concentration to about 22 to 25% TS concentration by centrifugation. The centrifuges are located in a multi-level large building (dewatering building) and the dewatered cake is conveyed to railroad cars for hauling away through a series of conveyors. The dewatered sludge is classified as Class B biosolids according to USEPA 40 CFR Part 503 regulations.
The dewatered biosolids when discharged from the centrifuges and while transported on open conveyors emit odorous compounds (odorants) and cause odor problems. The control of odors and air quality in the dewatering building is achieved by means of air ventilation systems to the outside. Odors emitted from the dewatered sludge often lead to employee complaints regarding discomfort and stress, leading to loss of employee productivity and turnover.
Odors are induced by one or more odorants (odorcausing chemical compounds) stimulating the olfactory nerve. The nature of anaerobic sludge digestion produces odors and biogas as byproducts. The biogas commonly includes methane (CH 4 ), carbon dioxide (CO 2 ), ammonia (NH 3 ), and hydrogen sulfide (H 2 S). Odorants reported to be present from sludge digestion and hence the dewatered sludge are H 2 S and reduced organic sulfides, and the odor threshold concentrations of these odorants are very low (Higgins et al.  and Novak et al. ) . Nitrogen containing compounds such as NH 3 and amines are also produced during sludge digestion and cause odors (Adams et al. ) . Although, sludge dewatering is a common operation in WRPs and is often conducted indoors, very little work has been reported on the odors and indoor air quality in buildings that contain such dewatering operations.
The goal of the study reported in this paper is to reduce the sensory impacts on the workforce and achieve odor reduction within the building to improve indoor air quality (IAQ). The study included detailed monitoring and sampling of odorants and odors in the building, emission rate determination of different air pollutants from the dewatered sludge, IAQ modeling, and efficacy of both local air exhaust systems and overall building air ventilation systems to control the IAQ in the dewatering building. The study approaches of this project are: (1) develop odor measurement, air quality measurement, and a ventilation measurement program for the building to identify major sources of odors and evaluate their magnitude, (2) evaluate current air supply and ventilation system impacts on the odor and air quality and the required air handling system to reduce the impacts to acceptable levels, (3) determine the emission rates of odor and odor-causing chemicals, and (4) propose effective recommendations for control strategies addressing short-and long-term solutions.
MATERIALS AND METHODS

Dewatering building
The post-digestion centrifuge dewatering building is composed of two structures that are connected and open to each other. Both the structures function identically with little difference in building layout and each has a number of centrifuges (nine in the north side building and 12 in the south side building). Centrifuges are located on the second floor where the drop chutes open to the lower level to the primary conveyors. Primary conveyors transport biosolids to the secondary conveyors which in turn drop off the biosolids to a set of inclined conveyors. Ultimately, the biosolids are taken outside the building into railroad cars for off-site processing or disposal. The amount of sludge solids processed by the centrifuge building is approximately 160,000 dry tons per year.
Air sampling approaches
Air sampling campaigns conducted during this study can be characterized into four steps. The first step was measurement of CO 2 patterns as an indicator for air ventilation and mixing. The second step was a survey performed in the overall building to identify the hotspots of odor and odorants. The third step was the two-season comprehensive air-sampling campaigns representing summer and winter conditions (March-May and October-November 2009). The sampling locations of the third step were the hotspots identified from the second step. Each comprehensive sampling campaign had 3-day repetition and measured both odorants and odors in the building. The last step was detailed sampling of H 2 S concentration and IAQ parameters such as humidity and temperature for IAQ modeling purposes. During each air sampling or field investigation, operating conditions such as the number and location of operating fans and motors of the air ventilation systems, the number of operating centrifuges, and the numbers of conveyors in operation were documented.
Measurement and analysis
Measurement and analysis for odors and odorants were performed either in the field or in the laboratory. Triangular Force-Choice Olfactometer (RK and Assoc., Warrenville, IL) was used to determine odor detection threshold or a unit of odor concentration by following ASTM method E694-04. Odor detection threshold (ED 50 ) represents the lowest concentration of odorant that elicits a sensory response in the exposed panelists of a specified percentage, usually 50%. The unit of odor concentration is expressed as dilution-to-threshold (D/T). The odor concentration is not a linear relationship between D/T and concentration of odorants (ppmv). Reduced organic sulfides (dimethyl sulfide (DMS), dimethyl disulfide (DMDS), and dimethyl trisulfides (DMTS)) were analyzed by using zNose Model 4200 (Electronic Sensor Technology, Newbury Park, CA). IAQ parameters (CO 2 , carbon monoxide (CO), Temperature, and % relative humidity (RH)) were measured by using TSI Model 7500 IAQ-Calc meter (TSI, Shoreview, MN). Concentration of hydrogen sulfide (H 2 S) was analyzed with Jerome 631-X H 2 S Analyzer (Arizona Instrument LLC, Phoenix, AZ). Hydrocarbons were analyzed using a Shimadzu GC-2014 equipped with FID detector. Trimethylamine (TMA) was analyzed following the Occupational Safety and Health Administration (OSHA) method PV2060. NH 3 was measured by Dräger Pac ® 7000 (Dräger, Pittsburgh, PA). The meters and instruments were routinely calibrated by following manufacturer recommendations. Airflow measurement was performed by using a Hotwire thermo-anemometer (Cole-Palmer, Vernon Hills, IL) and a Wane anemometer (ADM 1000, Chrom Tech Inc., MN). Air samples were collected in 10-L Tedlar bags if required (Jensen Inert Products, Coral Springs, FL) by using a Vacuum Chamber (St. Croix Sensory Inc., Lake Elmo, MN). Internal standards were used and all samples were analyzed or measured in triplicate to obtain statistically relevant data.
Emission rate measurement
Emission rates of odors and odorants from the biosolids were estimated by using two flux chambers, USEPA flux chamber (Kienbusch ) and a wind tunnel (Gao et al. ) . The two chambers were designed, operated and analyzed in accordance with specifications found in the literature (Hudson & Ayoko  and Hudson et al. ) and the design gas flow rates were specifically selected to represent the air flow conditions in the field. The USEPA flux chamber performs as a completely mixed device and its flow rate is in accordance with the air ventilation rate in the dewatering building. In contrast, a wind tunnel provides laminar flow inside the chamber above the biosolids sample surface; the air velocity in the chamber is equivalent to draft wind velocity in the field. In addition, the emission rate of H 2 S was also estimated at the centrifuge drop. The average draft wind velocity and H 2 S concentrations at the centrifuge drop were measured and used to calculate the emission rates.
RESULTS AND DISCUSSION
Flow measurement, air ventilation, and local exhaust system Air ventilation in the building was initially assessed by investigating the current fan and motor capacities and air exchange rate in the building. Measurements of airflow in the ducts and face velocity at inlet and outlet were performed. The results showed a strong correlation between measured values and design values from engineering drawing (Spearman correlation coefficient (ρ) ¼ 0.977) at the significant level (α) of 0.01. The correlation of 1 indicates a strong relationship between the two variables. Therefore the design flows were used in the absence of measurements for the unmeasured locations. The overall air exchange rate was calculated at approximately eight air changes per hour. It was found that the lack of exhaust system in the north building centrifuge drop areas (first floor) deteriorates indoor air quality and causes odor dispersion to other areas in the building. In conjunction with the air ventilation system which includes excess roof exhaust fan capacity, it causes a pattern of airflow that induces odorous air generated in the conveyor areas to flow up to the centrifuge level (second floor). In addition to the dilution air ventilation, the local exhaust system (LES) is another odor control device in the building. The LES takes polluted air right above the conveyors where odor concentrations are very high. Primary LES evaluation indicated that additional airflow is required to meet the American Conference of Governmental Industrial Hygienists (ACGIH )'s recommendations for effective control of odor dissemination to the other parts of the building. The current LES capacity is approximately 28% lower than the recommended values.
Indoor air mixing
The airflow in the building changed due to the operation of ventilation systems. In this study, CO 2 was used as a tracer for IAQ analysis reflecting the air ventilation conditions inside the building. Poor ventilation in most areas could result in CO 2 accumulation. The ambient CO 2 concentrations around the plant had values ranging between 380 to 450 ppmv. The results indicated that biosolids continuously emit CO 2 while traveling on the conveyors. High CO 2 concentrations were observed close to the primary conveyors located on the first floor (1,000-3,500 ppmv) especially between the two drop chutes and between the conveyors. CO 2 concentrations close to the secondary conveyors were in the ranges of 1,000 to 1,500 ppmv. Overall CO 2 concentrations in other areas of the building were between 500 to 700 ppmv. Inadequate air ventilation and lack of instantaneous mixing were assumed to be the reasons that caused CO 2 accumulation near the drop chutes. The CO 2 patterns found support the idea of insufficiency of LES capacity in the primary conveyor area. Logically, CO 2 concentrations at the proximal areas of primary conveyors should be very low because odorous air on the primary conveyors should be directly exhausted by the LES even though CO 2 is emitted from the biosolids. Overall, the CO 2 concentrations on the conveyor level suggested that they were higher than 1,000 ppmv level, which is an indicator of poor ventilation, but they are well below the Occupational Safety and Health Administration (OSHA) standard of 5,000 ppmv for work places.
Source identification and odor and odorant characterization
The two comprehensive sampling campaigns showed similar results for odors and odorant levels at each location. Table 1 shows the results of air sampling from the two comprehensive odor sampling campaigns. The parameters that are statistically significant to odors are presented. In addition, the odor/odorant levels when LES was not operated are also shown. The results showed the highest odor concentration was found in the samples collected close to the primary conveyors and near the centrifuge drop (790 D/T) where high CH 4 , CO 2 , NH 3 were also detected (data not shown). H 2 S concentrations ranged from 0.006 to 7.2 ppmv in the samples collected away from the biosolids drop chute and were as high as 18 ppmv right at the drop chute. DMS and DMDS concentrations observed in the building ranged from 116 to 1,170 ppbv and 7 to 24 ppbv, respectively. They were above the odor threshold presented in Table 2 . DMS and DMDS were mostly detected in the samples collected close to the primary conveyors and at the LES exit, but not on the centrifuge level. On the sampling day without LES in service, DMS and DMDS were found in most of the samples taken from the conveyor level. To be noted is that the LES was off for maintenance purposes during the sampling day. This condition was used as a baseline for odor. Generally, odor and odorant concentrations were higher when LES was not in service. DMTS was not detected in any samples. NH 3 was also detected at very high concentrations (50-113 ppmv) at the drop chute. At the centrifuge floor level, uniform ammonia concentrations ranged from 10 to 20 ppmv. Measurement of ammonia concentration did not represent or suggest odor in the general areas of the building except at the drop chute locations. In addition, compared with ammonia, sulfur compounds were present at much higher concentrations than their odor threshold levels, presented in Table 2 . Therefore H 2 S and organic sulfides were used in the statistical model for odor prediction in this study. Methane was always detected from all samples. Even though it is not an odorant, the presence of CH 4 is additional evidence of odors emitted from continuously digesting biosolids and relates to buildup of CO 2 concentrations. TMA, which is potentially from the conditioning polymers used and lime conditioning (Kim et al. ) , was not detected in samples taken at the centrifuge drop. It can be stated that there is no odor contribution from polymers added to enhance the dewatering process.
Statistical model for estimating the odor concentrations in the dewatering building ED 50 can be determined by following the ASTM standard procedure. However, the procedure is not practical for field monitoring that requires immediate attention for odor reduction. In this study, the relationship between measured odor detection threshold and odorant concentration(s) was established. Immediate measurements of odorants (i.e. H 2 S) can be used to predict odor detection threshold level using this relationship. The data from the two comprehensive sampling campaigns were statistically analyzed and compared to the odors and odorants in the post-digestion centrifuge building. Air samples collected at similar locations in the two campaigns and same variables (odor, odorants, IAQ parameters, etc.) were analyzed for samples with the same methods. As a result, the three sulfur compounds, H 2 S, DMS and DMDS were found to be responsible for the odor generated from the dewatering process and H 2 S is the dominant in terms of highest correlation coefficient and greater concentration among all sulfur compounds. A significant multiple linear model was formulated to relate the odor threshold and the sum of H 2 S, DMS and DMDS concentrations, as well as the relative humidity in the field (Equation (1)). Relative humidity was found to affect human sensory perception of odors. Increase of relative humidity resulted in an increased human sensation of odors (Reinikainen & Jaakkola ) . The model showed strong correlation between the odor levels and measured parameters (R-square ¼ 0.809; Sample size n ¼ 70). Methane thiol was not measured during this study as its degradation product DMS was measured. In conjunction with the developed mass balance IAQ model (discussed in the following section), this statistical model was used for recommendation of odor control strategies.
where, C (ou) ¼ ED 50 or odor concentration expressed as dilutions to threshold (D/T), C (H 2 S) ¼ H 2 S concentration (ppmv), C (DMS) ¼ DMS concentration (ppmv), C (DMDS) ¼ DMDS concentration (ppmv), and RH ¼ relative humidity at each sampling site (%).
Odor and odorant emission rates
Air sampling indicated high odor/odorant concentrations especially in the samples taken close to the conveyors. In this study, emission rates of odors/odorants may vary while the biosolids travel from centrifuge drop to the hopper area near the railroad cars. Therefore, the odor and odorant emission rates were estimated from two aspects: (1) H 2 S emission rates above the conveyors which were experimentally performed in the laboratory, and (2) estimated H 2 S emission rates at the centrifuge drop which was performed in the field. The results from the two approaches were compared and further used for IAQ modeling purposes. The total emission rate of H 2 S over the conveyors was estimated to be 3,000 mg/h. In contrast, the emission rate at the centrifuge drop was estimated at 29,800 mg/h per drop chute with a standard deviation of 12,600 mg/h (10-day sampling). This high variation is possibly due to uncontrolled conditions in the field, sludge characteristics variation during ten days of sampling, and centrifuge performance. On the average, total number of centrifuges in operation per day was approximately 10 centrifuges, and therefore, the total H 2 S emission rate from the centrifuge drops was estimated to be 298,000 mg/h. Hence, on average, the total H 2 S emission rate was approximately 100 times higher at the centrifuge drops compared to that on the conveyors.
IAQ and model application
IAQ modeling is a critical component in identifying strategies for control recommendations. In this study, a mass balance equation was developed and applied on the conveyor areas to predict H 2 S concentration based on facility operation variation. As previously discussed (in the section on flow measurement, airventilation, and local exhaust system), operations of air supply and exhaust system were not consistent over time. Field odor and odorant concentrations at specific locations vary due to operational conditions such as a number of centrifuges and primary conveyors operated, depending on the amount of biosolids fed to the dewatering process. These variables were taken into consideration for model development. In addition, odor/odorant emission rates, building air exchange rate, and exhaust fan capacity were also included. Box models based on mass balance in the building were developed (Equation (2)). The model estimations were calibrated with field measurements of H 2 S concentrations. The IAQ model can be used to determine air ventilation requirements and/or modification of the existing exhaust systems to achieve acceptable odor/ odorant levels. Odor detection threshold can be predicted from the IAQ simulation by using a regression model as described in Section d for each specific control strategy.
where V ¼ volume of the room (m 3 ), C i ¼ indoor concentration of the pollutant (mg/m 3 ), C LES ¼ concentration of the pollutant measured at the LES outlet (mg/m 3 ), Q LES ¼ LES outlet flow rate from the old building (m 3 /h), Q EF ¼ exhaust fan outlet flow rate (this is the air ventilation system for the room, m 3 /h), S ¼ emission rate at the primary conveyor drops (mg/h), and A ¼ air exchange rate in the first floor of the old building (h À1 ). From our best knowledge, the odor level criterion for dewatering facilities has never been established. Hence, the project team proposed an acceptable odor level for this facility in the range of 12 to 15 D/T corresponding to a H 2 S concentration of 0.008-0.014 ppmv (background level). The ambient odor threshold was 5-8 D/T. In order to meet this proposed standard, application of the IAQ model was used to predict odors and H 2 S levels from proposed control strategies. H 2 S was used as a surrogate compound of odor/odorants for IAQ model application and the statistical relationship between odors and H 2 S concentration was established as well.
Proposed recommendations and control strategies
Control strategies were recommended based on findings and the results of the IAQ and statistical models. This section is a summary of proposed odor control options that are necessary at the post-digestion centrifuge building to reduce odors to desirable levels. Scenarios and control options related to operation and maintenance, changes in current LES location, adding new air ventilation systems to the conveyor areas and air pollution control systems for the exit LES stack are discussed. The summary of recommendations of control strategies is as follows.
• Balance the air inlet and outlet in the centrifuge drop area by installing a new exhaust fan. An additional exhaust fan should be provided to balance the airflow and provide air mixing. The inlet air should be distributed evenly to most of the centrifuge drop area.
• Relocation of LES intake hoods closer to the centrifuge drops to effectively capture odors at the source and double the flow rate of the LES to meet the proposed acceptable odor levels (ED 50 15 D/T or H 2 S 0.015 ppmv). Figure 1 illustrates effect of LES hood relocation to the centrifuge drop on H 2 S concentration in the conveyor area. The top line corresponds to the predicted concentration in the conveyor area at the current LES location of the ducts. The bottom line shows the model H 2 S concentrations as a function of the flow in each duct when the ducts are relocated right next to the sludge drop location. In addition, if the airflow in the ducts is increased, it would be able to minimize odorant concentration as well. The current airflow at the duct connected to the hood above the primary conveyors is approximately 240 cfm (6.8 m 3 /min). In order to meet the proposed level, the airflow should be 500 cfm (14.1 m 3 /min) with hood relocation. As can be seen from Figure 1 , without the hood relocation, the proposed odor level will never be met even though air ventilation (dilution ventilation) increases to a very high flow rate.
• All air supply fans and LES should be operated at all times.
The effect of turning off the LES is much more significant compared to the changes in the air ventilation rate.
• Short term odor control actions related to operation and maintenance were recommended. Automatic recording instruments such as H 2 S and CO 2 analyzers may be installed to indicate indoor air quality. Several housekeeping issues (i.e. frequent cleaning at dewatered biosolids transfer location) can enhance odor/odorant reduction. 
